1. Introduction {#s0005}
===============

Antiviral restriction factors are cellular proteins that target specific stages of virus life cycles to limit virus replication. These factors generally target virus features or replication mechanisms that are broadly conserved within virus orders or families \[[@bb0005]\]. Restriction factors are a critical component of the innate immune response to virus infections, and are often essential for slowing virus replication in vivo until an adaptive immune response can further reduce or eliminate infections. Restriction factors are most often encoded by interferon (IFN) stimulated genes (ISGs), allowing the simultaneous induction of multiple factors via IFN to inhibit virus replication through distinct mechanisms \[[@bb0010]\].

The multifactorial and sometimes redundant effect of multiple ISG-encoded restriction factors on a specific virus is thought to be a critical adaptation to the evolutionary pressure provided by rapidly mutating viruses that can evolve to evade or counteract individual restriction factors \[[@bb0015]\]. Indeed, many examples have been described in which virus proteins induce the inactivation or degradation of particularly detrimental restriction factors. Likewise, viruses also utilize strategies to mask their recognition by restriction factors or mutate protein domains or genomic features that would otherwise interact with restriction factors. Virus mutations allowing evasion of restriction factors can also promote the counter-evolution of the host. Although host evolution occurs over much longer timescales than virus evolution, the relatively rapid evolution of restriction factors compared to other host genes in response to virus adaptations has been suggested to be an identifying signature of restriction factor genes \[[@bb0020]\]. The constant cycles of virus and host counter-evolution have been referred to as Red Queen interactions, a literary reference to the Red Queen\'s race in Lewis Carroll\'s *Through the Looking-Glass* in which running is required to stay in the same place. In addition to viral adaptations to individual restriction factors, pathogenic mammalian viruses usually encode broad antagonists of the IFN induction or signaling pathways to restrain the overall induction of restriction factors \[[@bb0025]\]. Given the inherent mutability of viruses and their mechanisms of immune evasion, a multipronged host immune response is thus required for defense, including numerous restriction factors. A list of known restriction factors active against human viruses and the specific virus life cycle stages at which they act are shown in [Table 1](#t0005){ref-type="table"} .Table 1Known antiviral restriction factors and the stage(s) of virus life cycles that they inhibit. Asterisks indicate that these factors are discussed in detail in this review article.Table 1Restriction factorStage of virus life cycleReferencesADAP2Entry\[[@bb0995]\]APOBEC3A,B,C,D,F,G\*,HReverse transcription, transcription, replication\[[@bb0030],[@bb1000], [@bb1005], [@bb1010], [@bb1015], [@bb1020]\]B4GALNT2Entry\[[@bb1025]\]CH25HEntry\[[@bb1030],[@bb1035]\]CypA,ETranscription, replication\[[@bb1040], [@bb1045], [@bb1050]\]DDX21Assembly\[[@bb1055]\]HERC5Assembly, nuclear export\[[@bb1060]\]ISG15Assembly, replication\[[@bb1065]\]ISG20Replication\[[@bb1070]\]IFI16Transcription\[[@bb1075]\]IFIT1,2,3,5Translation\[[@bb1080],[@bb1085]\]IFITM1,2,3\*Entry\[[@bb0200]\]KAP1 (TRIM28)Integration, transcription\[[@bb1090]\]LGALS3BPAssembly\[[@bb1095],[@bb1100]\]MOV10Nuclear import\[[@bb1105],[@bb1110]\]MXA\*,B\*Nuclear import, transcription\[[@bb0355],[@bb0390], [@bb0395], [@bb0400]\]MYPOPTranscription\[[@bb1115]\]PAI-IEgress\[[@bb1120]\]PKP2Replication\[[@bb1125]\]PKRTranslation\[[@bb1130],[@bb1135]\]RNase L/OASAssembly\[[@bb1140]\]RIN2Entry\[[@bb1025]\]SAMD9Assembly\[[@bb1145]\]SAMHD1\*Reverse transcription, transcription\[[@bb0505],[@bb0510]\]SERINC 3,5Entry\[[@bb1150],[@bb1155]\]SLFN11Translation\[[@bb1160]\]SPOC1Transcription\[[@bb1165]\]StanninEntry\[[@bb1170]\]Tetherin\*Egress\[[@bb0625],[@bb0635]\]TM9SF2Entry\[[@bb1025]\]TRIM5aUncoating\[[@bb1175], [@bb1180], [@bb1185], [@bb1190]\]TRIM22Transcription\[[@bb1195]\]TRIM25Replication\[[@bb1200]\]TRIM32Transcription\[[@bb1205]\]TRIM56Replication\[[@bb1210]\]VIPERIN\*Transcription\[[@bb0785]\]ZAP\*Translation\[[@bb0880],[@bb0900]\]ZMPSTE4Entry\[[@bb0275]\]

The discovery of restriction factors has also provided us with a deeper understanding of why some cell types and some hosts are particularly susceptible to specific viruses. For example, restriction factors can contribute to the cell type specificity of some viruses by preventing infection of cell types in which certain restriction factors are highly expressed or activated under basal conditions. Likewise, restriction factors can influence the host range of specific viruses. This can occur when viruses evolve to evade a restriction factor in one host while remaining susceptible to homologous, but non-identical, factors in other hosts. Further, we are beginning to appreciate that human susceptibility to virus infections can be influenced by mutations in relevant restriction factor genes. To illustrate the numerous concepts cited above, we review here the current state of knowledge regarding several important restriction factors chosen from [Table 1](#t0005){ref-type="table"}. These specific factors described below were selected because they provide compelling examples of virus inhibition involving unique enzymatic and non-enzymatic mechanisms of action against a broad array of distinct viruses at multiple stages of their life cycles. Indeed, they also provide illustration of the concepts of virus-host co-evolution, cell type-specific virus restriction, virus host range restriction, and effects of restriction factor mutations on severity of infection. In addition to better understanding of virus-host interactions, the discovery and mechanistic characterization of restriction factors may ultimately help to identify susceptible points in the replication cycles of specific viruses for targeted antiviral development.

2. APOBEC3G {#s0010}
===========

Apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 3G (APOBEC3G or A3G), was identified in 2002 as an antiviral protein active against HIV-1 \[[@bb0030]\], and it has also been shown to inhibit other retroviruses, as well as Hepatitis B virus (HBV) \[[@bb0030],[@bb0035]\]. A3G belongs to the APOBEC family of cytidine deaminases, almost all of which share some degree of antiviral functionality \[[@bb0030], [@bb0035], [@bb0040]\], with each member also sharing a conserved zinc coordination motif which functions in nucleic acid substrate binding \[[@bb0045]\]. A3G possesses two homologous domains termed catalytic domains 1 and 2, though only the second catalytic domain has intact enzymatic activity ([Fig. 1](#f0005){ref-type="fig"} ). A3G is a particularly potent restriction factor among the APOBEC family, and is basally expressed at varying levels in different cell types and is inducible by IFNs \[[@bb0050],[@bb0055]\].Fig. 1Antiviral restriction factors utilize diverse functional domains and structural features. Domain architecture for individual restriction factors are shown with amino acid lengths and the multimeric state in which the protein possesses restriction activity. Abbreviations: CD, catalytic domain; \*indicates enzymatic activity; TM, transmembrane domain; NLS, nuclear localization sequence; BSE, bundle signaling element; GED, GTPase effector domain; SAM, sterile alpha motif (in SAMHD1) or S-Adenosyl methionine (in Viperin); GPI, glycosylphosphatidylinositol; CxxxCxxC, Fe-S binding motif containing three cysteine residues separated by any amino acids (x); C-term, C-terminal domain; PARP, poly(ADP-ribose) polymerase; CaaX, prenylation consensus site comprised of a cysteine residue followed by two aliphatic amino acids, and any amino acid. HD, CCCH, and WWE domains are named for specific amino acid sequence elements.Fig. 1

The exact mechanism of viral inhibition utilized by A3G and whether deaminase activity is required was initially an area of contention in this field \[[@bb0060], [@bb0065], [@bb0070], [@bb0075], [@bb0080], [@bb0085]\]. Ultimately, A3G has been shown to inhibit retrovirus and HBV replication in deaminase-dependent and -independent manners \[[@bb0090], [@bb0095], [@bb0100]\]. Using a deaminase-independent mechanism, A3G prevents viral reverse transcription \[[@bb0040],[@bb0105],[@bb0110]\], while the deaminase-dependent functionality of A3G induces hypermutation of viral genomes via cytidine deamination \[[@bb0115], [@bb0120], [@bb0125]\] ([Fig. 2](#f0010){ref-type="fig"} ). Independent of its deaminase activity, A3G can bind to the retroviral RNA template or ssDNA wherein A3G can act as a physical block to viral reverse transcriptase (RT) \[[@bb0105],[@bb0130]\]. The ability of A3G to act as a block on the viral template strand has been linked to its ability to form an oligomer \[[@bb0110]\]. More specifically, A3G dimerization and oligomerization reduces its dissociation from viral ssDNA, suggesting that A3G oligomer formation promotes physical attachment to viral nucleic acids \[[@bb0040],[@bb0110]\]. Additionally, A3G has been shown to directly interact with RT, which could potentially decrease RT function or contribute to blockade of RT processivity, though the precise effect of this interaction is not fully understood \[[@bb0130]\].Fig. 2Restriction factors inhibit virus replication at multiple stages of the viral life cycle. The replication cycle of a retrovirus is depicted and inhibition of specific life cycle stages by individual restriction factors is indicated. IFITM3 inhibits virus fusion and is also incorporated into nascent virion membranes to limit the fusogenicity/infectious potential of the virus. IFITM3 is primarily associated with inhibition of fusion at virus endosomes, but is shown here inhibiting fusion at the cell surface for graphical simplicity. SAMHD1 depletes dNTPs thereby inhibiting viral reverse transcription. APOBEC3G blocks reverse transcriptase processivity and also deaminates/hypermutates viral ssDNA. APOBEC3G associates with viral genomic material and is packaged into nascent virions, thus allowing its activity to impair replication in newly infected cells. MxB interacts with viral proteins and prevents nuclear import and integration of reverse transcribed viral DNA. ZAP interacts with viral RNAs possessing CG dinucleotide sequences and targets them for degradation. Viperin affects membrane composition to affect virus budding and also enzymatically produces a small molecule that inhibits viral RNA polymerases. Tetherin provides a physical tether preventing nascent virions from being released from the cell. Viral countermeasures active against these proteins are not depicted.Fig. 2

In order to function effectively as a cytidine deaminase active against HIV-1, A3G first needs to be incorporated into progeny HIV-1 virions, and this ability to incorporate into virions distinguishes A3G from most other APOBEC family members. Specifically, A3G localizes with the viral genetic material and is subsequently encapsidated into nascent virions as they assemble \[[@bb0135],[@bb0140]\]. Encapsidation of A3G is facilitated through, and dependent on, the direct interaction of A3G with the nucleocapsid region of the HIV-1 Gag protein \[[@bb0145], [@bb0150], [@bb0155]\]. Once encapsidated, A3G interacts with the viral genome following subsequent infection by and uncoating of the virus in a new cell. A3G deaminates residues on the negative sense single stranded HIV-1 reverse transcribed DNA. This deamination causes deoxycytidine to deoxyuridine mutations leading to guanine-to-adenosine transformations once the virus completes reverse transcription \[[@bb0115], [@bb0120], [@bb0125],[@bb0160]\]. The high substitution rate of nucleic acids within the viral DNA leads to production of non-viable virus via introduction of unstable or nonfunctional amino acid substitutions and introduction of stop codons. A3G can also cause mutations in other retroviruses and HBV \[[@bb0035]\]. Interestingly, A3G-induced hypermutation is thought to contribute minimally to HIV-1 evolution rates due to an "all or nothing" phenomenon in which A3G-mutated viruses are usually non-viable \[[@bb0165],[@bb0170]\].

One of the first discovered examples of a viral countermeasure for a specific restriction factor is the degradation of A3G by the HIV-1 accessory protein known as Vif \[[@bb0030],[@bb0160]\]. Indeed, Vif has been shown to almost completely prevent the virion incorporation of A3G in the presence of Cul5, elongins B and C, and Rbx1 \[[@bb0175],[@bb0180]\]. These proteins together form an E3 ubiquitin ligase complex that ubiquitinates and targets A3G for proteasomal degradation \[[@bb0175],[@bb0180]\]. Similarly, the HBV X protein (HBx) has been suggested to decrease A3G levels in infected cells through an exocytosis mechanism \[[@bb0185]\]. The existence of Vif and HBx as viral countermeasures to A3G, a potent antiviral restriction factor, highlights the ongoing evolutionary race between viruses and their hosts.

3. IFITM3 {#s0015}
=========

IFN-induced transmembrane protein 3 (IFITM3) is a 133 amino acid protein that associates with membranes via a transmembrane domain and a palmitoylated amphipathic helix ([Fig. 1](#f0005){ref-type="fig"}) \[[@bb0190],[@bb0195]\]. Although it does not possess any known enzymatic activity, IFITM3 utilizes several mechanisms to limit virus infection of cells. The first described and most extensively studied antiviral mechanism for IFITM3 is its ability to block virus entry ([Fig. 1](#f0005){ref-type="fig"}). For influenza virus, this inhibition was mapped to the virus fusion step, which occurs in cellular endosomes where IFITM3 is abundantly localized \[[@bb0200], [@bb0205], [@bb0210]\]. Indeed, while virus endocytosis occurs similarly in control cells versus cells expressing IFITM3, virus fusion and genome deposition into the cytoplasm does not occur when IFITM3 is present, and virus is likely degraded in lysosomes \[[@bb0205],[@bb0210]\]. Live-cell microscopy of infection with fluorescent molecule-loaded virus demonstrated that virus-to-endosome membrane hemifusion occurs normally in cells expressing IFITM3, suggesting that IFITM3 blocks the transition from membrane hemifusion to the opening of a fusion pore \[[@bb0205]\]. IFITM3 broadly inhibits the fusion of viruses, such as influenza virus, that enter cells via endocytosis, as well as HIV \[[@bb0190],[@bb0215], [@bb0220], [@bb0225]\], indicating that it inhibits a highly conserved feature of the membrane fusion process even among viruses with divergent fusion proteins ([Fig. 2](#f0010){ref-type="fig"}).

Two studies have suggested that IFITM3 or related proteins can decrease membrane fluidity \[[@bb0230],[@bb0235]\]. Additionally, IFITM3 antiviral activity is neutralized by the membrane-destabilizing drug amphotericin B \[[@bb0230]\] or by specific membrane curvature-inducing lipids \[[@bb0235]\]. Together, these reports suggest that IFITM3 alters membranes to prevent virus fusion. Disruption of membrane cholesterol homeostasis was suggested as a possible mechanism underlying this effect \[[@bb0240]\], but a role for cholesterol in inhibition of infections by IFITM3 has not been supported by subsequent studies \[[@bb0205],[@bb0245]\]. More recently, the aforementioned amphipathic helix within IFITM3 and its amphipathicity were shown to be required for antiviral activity, and specifically for inhibition of membrane fusion mediated by viral proteins \[[@bb0190]\]. Likewise, the palmitoylation sites adjacent to the amphipathic helix are critical for antiviral activity and are likely involved in targeting or anchoring the helix to membranes \[[@bb0195],[@bb0250], [@bb0255], [@bb0260], [@bb0265]\]. Given the ability of amphipathic helices to induce membrane curvature, it is possible that the IFITM3 amphipathic helix induces or stabilizes local membrane curvature in a manner that disfavors fusion. IFITM3 dimerization, which is also required for antiviral activity \[[@bb0270]\], may serve to amplify the local effects of IFITM3 on membrane curvature. The antiviral function of IFITM3 has also been suggested to require interaction with a zinc metallopeptidase, ZMPSTE24, though ZMPSTE24 also functions as an antiviral restriction factor independently of IFITMs \[[@bb0275]\]. Additional studies with model lipid membranes will likely be required to elucidate the precise molecular mechanism by which the IFITM3 amphipathic helix and relevant cofactors act to prevent membrane fusion.

In addition to the role of IFITM3 in preventing virus entry via inhibition of fusion, it also provides additional protective mechanisms. In cells that become infected prior to induction of IFITM3, replicating virus incorporates newly upregulated IFITM3 and other related IFITM proteins into the membrane envelope of nascent budding virions \[[@bb0220],[@bb0280]\]. The presence of these IFITMs reduces virion infectivity, likely through a mechanism that alters membrane fusion dynamics \[[@bb0220],[@bb0280]\] ([Fig. 2](#f0010){ref-type="fig"}). This ability of IFITMs to incorporate into virions to decrease infectivity was first shown in HIV-1 infections, and was subsequently demonstrated for more than a dozen distinct viruses, including viruses that fuse at the plasma membrane and are otherwise resistant to IFITM3 inhibition in endosomes \[[@bb0285]\]. An additional effect of IFITM3 in inhibiting the processing of the HIV-1 env protein has also been described \[[@bb0290]\]. Further, a unique function of IFITM3 in inhibiting the type I IFN and IL-6 induction pathways has been identified, which may serve to limit virus-induced inflammatory pathologies in some instances \[[@bb0295],[@bb0300]\]. Overall, in addition to broadly impacting virus infections by incorporating into both host and virus membranes, IFITM3 may also directly impair the replication of certain viruses, and may provide feedback inhibition of certain inflammatory pathways.

IFITM3 KO mice experience more severe influenza virus, West Nile virus, cytomegalovirus, and Chikungunya virus infections than WT mice, and likewise, SNPs in human *IFITM3* have been correlated with increased severity of influenza virus and Hantaan virus infections, as well as to more rapid progression of HIV-associated disease (the numerous studies demonstrating the critical importance of IFITM3 for antiviral defense in vivo were recently reviewed in \[[@bb0305]\]). It was also recently uncovered that the long-known resistance of human stem cells to virus infections is largely due to their IFN-independent expression of high levels of IFITMs that diminish as the cells differentiate \[[@bb0310]\]. Given the strong inhibition of infections by IFITM3, it is perhaps not surprising that strains of influenza virus and HIV-1 with reduced susceptibility to IFITM3 inhibition have been reported \[[@bb0315], [@bb0320], [@bb0325]\]. In the case of influenza virus, this reduced susceptibility correlates with adaptation of the hemagglutinin protein allowing the viruses to fuse at a higher pH and thus earlier in the endocytic pathway where IFITM3 is less abundant \[[@bb0320]\]. Resistance of HIV-1 to IFITM3 inhibition has also been mapped to mutations in its fusion glycoprotein \[[@bb0315],[@bb0330]\]. To date, no viral proteins have been discovered that directly antagonize IFITM3 activity. However, specific coronaviruses paradoxically co-opt IFITM3 to enhance their entry, though the underlying mechanisms are not clear \[[@bb0335],[@bb0340]\]. On the host side, some non-human primate species have duplicated their IFITM3 gene one or more times over the course of evolution \[[@bb0225]\]. Mutation of motifs that govern localization and stability are common in the duplicated genes, and this has been suggested to provide greater antiviral coverage of distinct host cell membrane compartments in these species \[[@bb0225]\].

4. MxA and MxB {#s0020}
==============

Myxovirus resistance (Mx) proteins are dynamin-like GTPases \[[@bb0345]\] that are not constitutively expressed in most cells types, and are under the control of IFN signaling \[[@bb0350]\]. Humans have two Mx proteins, MxA and MxB, which differ in their cellular localization \[[@bb0355],[@bb0360]\]. Human MxA is largely cytoplasmic \[[@bb0355]\] though oligomeric forms of MxA can accumulate around the nuclear periphery \[[@bb0365]\]. MxA restricts a broad range of viruses including RNA viruses, such as influenza A virus \[[@bb0370]\], and DNA viruses, such as hepatitis B virus \[[@bb0375]\]. Demonstrating the importance of Mx proteins in vivo, many laboratory mouse strains, such as balb/c and C57BL/6, lack a functional MxA homolog, and this contributes to the high susceptibility of these strains to influenza virus infections as compared to outbred or Mx-reconstituted mice \[[@bb0380],[@bb0385]\]. MxB is primarily known to act against HIV-1 \[[@bb0390], [@bb0395], [@bb0400]\]. MxB localization to the nuclear envelope is governed by an N-terminal nuclear localization signal (NLS) \[[@bb0405]\]. Appending the NLS of MxB to MxA was sufficient to target MxA to the nuclear envelope and convert MxA into an HIV-1 restriction factor \[[@bb0410]\], suggesting that MxB and MxA may employ overlapping antiviral mechanisms even though their cellular sites of action are different.

Mx GTPases have an N-terminal GTPase domain, followed by a middle domain, and a C-terminal GTPase effector domain, commonly referred to as a GED \[[@bb0415]\] ([Fig. 1](#f0005){ref-type="fig"}). The antiviral activity of Mx proteins depends on intricate 3-dimensional configurations. The C-terminal GED interacts with the N-terminal GTPase domain to form the active site for GTPase activity, which is required for antiviral activity against several viruses \[[@bb0420]\]. Mx proteins dimerize via intermolecular interactions occurring between structured regions called the stalk, and mutations in the stalk prevent oligomerization and antiviral activity \[[@bb0425]\]. Within the stalk region lies a key unstructured loop called loop 4 (L4) that forms critical interactions with viral components and is positively selected in primates \[[@bb0430]\]. Higher order Mx configurations resemble ring-like structures and are formed as a result of intermolecular interactions between dimers, wherein the stalk of one molecule interacts with a region of another molecule called the bundle signaling element (BSE) that is comprised of three distinct regions of the protein that interact upon proper folding \[[@bb0435]\].

Intermolecular Mx interactions play a significant role in the antiviral mechanism. For example, it is proposed that, prior to primary transcription, viral ribonucleoprotein complexes are surrounded by ring-like MxA multimers that interfere with subsequent steps of the influenza virus life cycle \[[@bb0435]\]. However, conflicting evidence indicates that MxA acts at a step after primary transcription in which dimerization, but not higher-order oligomerization is required for antiviral activity of MxA against IAV \[[@bb0365]\]. Recent work also suggests that MxA requires cofactors, such as IFITM2, for its activity against influenza virus, although understanding the mechanistic link between these two ISGs will require additional studies \[[@bb0440]\]. Similar to recognition of ribonucleoprotein complexes by MxA, MxB dimers act against HIV-1 by recognizing the HIV capsid protein at the nuclear envelope to prevent nuclear import and genome integration \[[@bb0445],[@bb0450]\] ([Fig. 2](#f0010){ref-type="fig"}). Interestingly, human isolates of influenza A virus are largely insensitive to restriction by human MxA, while avian viruses are highly sensitive \[[@bb0455]\]. Recent reports have identified sites on the nucleoprotein that dictate sensitivity of human and avian influenza viruses to MxA \[[@bb0460],[@bb0465]\], overall suggesting that MxA is an important barrier for restricting transmission of avian influenza viruses to humans. Likewise, HIV-1 capsid protein mutations can reduce sensitivity to MxB restriction \[[@bb0390], [@bb0395], [@bb0400]\], further exemplifying the complex virus-host evolutionary landscape.

5. SAMHD1 {#s0025}
=========

Human sterile alpha motif and HD-domain containing protein 1 (SAMHD1) is the only enzyme with deoxynucleoside triphosphate triphosphohydrolase (dNTPase) activity in mammalian cells \[[@bb0470]\]. SAMHD1 degrades dNTPs into deoxynucleoside and inorganic triphosphate and, together with the enzyme responsible for dNTP biosynthesis, plays a key role in maintaining a balanced dNTP intracellular concentration. SAMHD1 is ubiquitously expressed in all cell types, where it localizes in both the cytoplasm and nucleus, and exists as a monomer, dimer or tetramer, with oligomerization being induced by binding of GTP and dGTP \[[@bb0475]\]. Tetramerization is essential for SAMHD1 dNTPase activity \[[@bb0480]\], which resides in its central HD domain. This domain is also responsible for the nucleic acid binding ability of SAMHD1 \[[@bb0485]\] ([Fig. 1](#f0005){ref-type="fig"}).

Due to its ability to regulate dNTP homeostasis and nucleic acid metabolism, SAMHD1 is considered a pleiotropic molecule involved in several cellular processes. A correlation between SAMHD1 and the cell cycle has been suggested by numerous studies proposing a control of SAMHD1 activity during cell cycle progression. Indeed, these reports show that SAMHD1 is active during the G~0~--G~1~ phases of the cell cycle, but is inactive in the S-phase, in which high dNTP levels are required to ensure efficient DNA replication \[[@bb0490]\]. Moreover, SAMHD1 inhibits cell growth and proliferation, delays cell cycle progression and induces spontaneous apoptosis in acute myeloid leukemia- and cutaneous T-cell lymphoma-derived cell lines \[[@bb0495],[@bb0500]\], providing a further link between SAMHD1 and the cell cycle.

SAMHD1 was identified in 2011 as a restriction factor of human immunodeficiency virus type 1 (HIV-1) infection in dendritic cells (DCs) and macrophages, and in resting CD4^+^ T cells, each of which are non-dividing cells in which SAMHD1 dNTPase function is active \[[@bb0505],[@bb0510]\]. Further, via mass spectrometry analysis, it was discovered that SAMHD1 is the target of the lentiviral protein X (Vpx) encoded by HIV-2 and some strains of simian immunodeficiency virus (SIV) \[[@bb0505],[@bb0510]\]. Vpx counteracts SAMHD1-mediated restriction of HIV-1 infection by binding to the C-terminal domain of SAMHD1 and inducing its degradation by the proteasome. The mechanism by which SAMHD1 inhibits HIV-1 infection relies on its dNTPase activity. SAMHD1 depletes the dNTP pools, thus preventing HIV-1 reverse transcription, leading to abortive infection \[[@bb0515],[@bb0520]\] ([Fig. 2](#f0010){ref-type="fig"}). Additional reports have shown that, through the same mechanism, SAMHD1 is able to restrict other retroviruses and certain DNA viruses, including herpes simplex virus type 1, vaccinia virus and hepatitis B virus \[[@bb0525],[@bb0530]\].

Mechanistic studies unveiled, at least in part, how SAMHD1 restriction ability is regulated. Resolution of the SAMHD1 crystal structure revealed that mutation of dGTP binding sites in the allosteric domain impairs SAMHD1 tetramerization, dNTPase activity, and restriction of HIV-1 infection, suggesting that dGTP-dependent tetramerization is critical for the catalytic activity of the enzyme \[[@bb0535]\]. In addition to the structural features necessary to maintain its activity, post-translational modification of SAMHD1 also controls its function. Phosphorylation of SAMHD1 at threonine 592 (T592) by cell cycle regulatory complexes including cyclin A, CDK1, CDK2 and CDK6 impairs its ability to block HIV-1 infection \[[@bb0540], [@bb0545], [@bb0550], [@bb0555]\] and destabilizes tetramer formation \[[@bb0560]\]. SAMHD1 contains a cyclin binding motif that mediates the interaction with these cyclin-CDK complexes and that influences SAMHD1 protein expression, stability and phosphorylation, as well as tetramerization, dNTPase activity and HIV-1 restriction \[[@bb0565]\]. Increased phosphorylation of SAMHD1 during the S-phase of the cell cycle due to the high expression levels of cyclin A-CDK1-CDK2 complexes correlates with increased sensitivity of dividing cells to HIV-1 infection, suggesting a tight link between SAMHD1 restriction ability and cell cycle progression.

Depletion of dNTPs is thought to be the primary mechanism by which SAMHD1 restricts virus infections. However, addition of exogenous deoxynucleotides does not fully rescue HIV-1 infection in target cells, suggesting that SAMHD1 restriction may also occur through a dNTPase-independent mechanism. Additionally, while T592 phosphorylation blocks HIV-1 restriction, it does not completely abolish SAMHD1 dNTPase activity \[[@bb0545]\], further supporting the hypothesis that an additional restriction mechanism may exist. It has been proposed that the ability of SAMHD1 to degrade incoming HIV-1 genomic RNA through an RNase activity may contribute to HIV-1 restriction \[[@bb0570]\]. However, these findings were refuted by other studies \[[@bb0575]\], and whether SAMHD1 possesses RNase activity and whether this is involved in restricting HIV-1 infection is still under debate.

*SAMHD1* is reported to be mutated in some human patients affected by Aicardi Goutiѐres Syndrome (AGS), an auto-inflammatory disorder mimicking congenital viral infections and sharing similarities with systemic lupus erythematosus, such as aberrant accumulation of type I IFN in the cerebrospinal fluid and serum \[[@bb0580],[@bb0585]\]. Moreover, a transcriptome analysis in macrophages from SAMHD1 KO mice showed that the expression levels of 123 ISGs were spontaneously increased in comparison to macrophages from SAMHD1 wild-type mice, and this effect was dependent on IFN-I signaling, as the phenotype was reversed in mice with double KO of SAMHD1 and type I IFN receptor \[[@bb0590]\]. Collectively, these reports linked SAMHD1 to innate immunity and suggested that SAMHD1 functions as negative regulator of innate immune responses. Notably, the *SAMHD1* promoter does not contain the conventional IFN-responsive elements found in other ISGs, but it can be bound and activated by interferon regulatory factor 3 (IRF3), a transcription factor that is activated by virus infection and that is involved in induction of type I IFN \[[@bb0595]\], indicating that SAMHD1 expression is upregulated concurrently with IFN production.

Recent work has provided insights into the mechanisms by which SAMHD1 regulates innate immune responses against viruses. IRF7 and inhibitor of NF-κB kinase subunit epsilon (IKKε) were identified as SAMHD1 binding partners, and it was discovered that SAMHD1 reduces IKKε-mediated IRF7 phosphorylation, thus limiting type I IFN induction during virus infection \[[@bb0600]\]. SAMHD1 also blocks activation of NF-κB signaling by binding to NF-κB 1/2 and reducing phosphorylation of the NF-κB inhibitory protein IκBα \[[@bb0600]\]. Another group implicated IRF3 as the major mediator of SAMHD1-induced control of innate immune activation, and described involvement of the PI3K/Akt/IRF3 pathway is ISG induction in SAMHD1 KO monocytic THP-1 cells \[[@bb0605]\]. These data also suggest that SAMHD1 suppresses IFN responses through its purported RNase activity, though the source of RNA and the RNA sensor that is involved remain to be identified in these experimental conditions. Additionally, a recent study has established a role for SAMHD1 in stimulating degradation of DNA fragments at stalled DNA replication forks, which prevents these fragments from stimulating an IFN response \[[@bb0610]\]. Unlike HIV-2 and SIV strains, HIV-1 does not use Vpx to degrade SAMHD1, but can establish productive infection in target cells. It has been speculated that less pathogenic HIV-1 may rely on SAMHD1-mediated immune suppression to dampen the triggering of antiviral innate immune responses. A study performed in rhesus macaques infected with two SIV strains showed that Vpx is required in vivo for the establishment of productive infection in memory CD4^+^ T lymphocytes, confirming the role of SAMHD1 in retroviral replication and virus-induced immunodeficiency in vivo \[[@bb0615]\]. However, additional studies in animal models will help to further investigate how SAMHD1 controls innate immune responses during HIV-1 infection.

6. Tetherin {#s0030}
===========

Bone marrow stromal antigen 2 (BST2, more often referred to as tetherin) was first implicated as an antiviral protein when it was identified as a target of the HIV-1 protein Vpu, although its function in restricting HIV-1 remained unclear \[[@bb0620],[@bb0625]\]. It was not until its mechanism of action was elucidated that BST2 was aptly renamed tetherin for its ability to tether budding HIV-1 virions to the cell membrane \[[@bb0625]\]. Numerous groups have since confirmed this ability of tetherin to inhibit the release of HIV-1 via the tethering mechanism for which it was named \[[@bb0630],[@bb0635]\]. Indeed, tetherin utilizes an N-terminal transmembrane (TM) domain and a C-terminal glycosylphosphatidylinositol (GPI) anchor ([Fig. 1](#f0005){ref-type="fig"}) to attach to the plasma membrane and simultaneously incorporate into HIV-1 particle membranes to physically anchor virions to the plasma membrane \[[@bb0630],[@bb0640], [@bb0645], [@bb0650]\] ([Fig. 2](#f0010){ref-type="fig"}).

There are several points of contention in this field involving the dimerization of tetherin molecules in relation to is activity. It is widely believed that dimerization of tetherin is indispensable for its activity against HIV-1, but dimerization may not be required for the restriction of all viruses inhibited by tetherin \[[@bb0655],[@bb0660]\]. Moreover, the conformation of tetherin dimers has been a subject of debate in the field. It was originally unclear whether the dimers oriented in a parallel or antiparallel fashion, but multiple studies utilizing domain mutagenesis and crystallography showed that the dimers orient in a parallel manner \[[@bb0630],[@bb0665]\]. After this finding, there was still disagreement as to how the dimers inserted into the membranes of the cell and budding virus. In one of the earlier works describing the activity of tetherin, it was concluded that the homodimers insert indiscriminately into the membranes \[[@bb0630]\]. However, a more recent study screened an extensive library of engineered tetherin dimer constructs and found that although it was possible for either membrane-associated domain to interact with the budding virion, the C-terminal GPI anchor preferentially interacted with the viruses, as these interactions occurred at approximately five times the rate of TM domain-virion interactions \[[@bb0650]\].

In terms of the properties of tetherin that allow it to anchor virions to the plasma membrane, it has been shown that a conserved coiled-coil domain within the protein allows for flexibility when tethering virions, while disulfide bonds between the dimerized coils maintain stability of the tethers \[[@bb0640],[@bb0645],[@bb0665],[@bb0670]\]. Although murine tetherin lacks exact structural homology to the human homolog, it similarly restricts release of both HIV-1 and Moloney murine leukemia virus \[[@bb0675], [@bb0680], [@bb0685]\]. While tetherin is sometimes referred to as an intrinsic antiviral protein due to its basal expression in many cell types, both human and murine tetherin are ISGs, and it is appreciated that increased levels of tetherin induced by IFN provides increased antiviral activity beyond baseline tetherin levels \[[@bb0675],[@bb0690]\].

Canonical assembly and egress of HIV-1 particles occurs at the plasma membrane in epithelial cells and T cells, while in macrophages, HIV-1 replicates in intracellular virus-containing vesicles (VCCs) \[[@bb0695]\]. In addition to its plasma membrane localization, tetherin has been shown to localize to VCCs and effectively inhibit HIV-1 release in macrophages \[[@bb0700]\]. The broad activity of tetherin against HIV-1 has led many to hypothesize that the protein does not interact with specific viral proteins but rather acts in a more generalized manner. Supporting this line of thought, tetherin has been shown to inhibit a diverse range of human viruses in addition to HIV-1, including influenza A virus \[[@bb0705], [@bb0710], [@bb0715]\], vesicular stomatitis virus \[[@bb0720]\], Lassa virus \[[@bb0725],[@bb0730]\], and Hepatitis B virus \[[@bb0735]\]. In each of these cases, viral egress is significantly limited in the presence of tetherin, highlighting the broad antiviral activity of this protein.

Tetherin also plays a role in the immune response to infections. Following infection with HIV-1, tetherin promotes viral sensing and a subsequent NF-κB-driven inflammatory response to the virus \[[@bb0740]\]. Additionally, tetherin-deficient mice exhibit weaker natural killer cell, dendritic cell, and CD8+ T-cell responses to Friend retrovirus, coupled with higher viral loads, suggesting that tetherin is essential for an adequate immune response to this virus \[[@bb0745],[@bb0750]\]. In each case, the immunostimulatory activity of tetherin was linked to a cytoplasm-facing endocytosis motif that is not involved in its tethering activity \[[@bb0740], [@bb0745], [@bb0750]\].

In rare instances, tetherin has been shown to increase viral replication and dissemination. The egress of human cytomegalovirus (CMV), for example, is not restricted by tetherin and the virus conversely replicates to higher titers in the presence of tetherin \[[@bb0755]\]. It has been hypothesized that interaction between tetherin and CMV at the cell surface facilitates viral entry \[[@bb0755]\]. Further, several viruses encode proteins that antagonize or counteract the activity of tetherin. Tetherin exhibits little to no inhibitory activity against HIV-1 in the presence of Vpu, as it has been shown that Vpu co-localizes with tetherin and facilitates its removal from the plasma membrane and degradation via endosomal trafficking \[[@bb0635],[@bb0760]\]. HIV-2 and simian immunodeficiency viruses, most of which lack Vpu, utilize other proteins to downregulate tetherin at the cell surface \[[@bb0765]\]. The Ebola virus glycoprotein (GP) has also been shown to counteract the activity of tetherin, and it was recently discovered that GP blocks the interaction between tetherin and the Ebola virus protein VP40 \[[@bb0770],[@bb0775]\]. Overall, the multiple mechanisms by which tetherin directly and indirectly influences viral infections, as well as the variety of viral countermeasures, highlight its significance as a key antiviral restriction factor.

7. Viperin {#s0035}
==========

The Viperin (virus inhibitory protein, endoplasmic reticulum associated, interferon inducible) gene was first identified as two cDNA fragments named cig5 and cig33 that were induced in human cytomegalovirus (HCMV) infected fibroblasts \[[@bb0780]\]. It was later discovered that cig5 and cig33 were fragments of the single Viperin gene that was induced by IFN stimulation, and displayed potent activity against HCMV \[[@bb0785]\]. Induction of Viperin can also occur via an IFN independent mechanism during virus infections via activation of the IRF1/3 transcription factors \[[@bb0790]\]. As a member of the radical S‑adenosyl [l]{.smallcaps}‑methionine (SAM) superfamily of enzymes, Viperin (also called radical SAM-domain containing 2 or RSAD2) reduces SAM to a 5′deoxyadenosyl radical intermediate via an iron-sulfur (Fe-S) cluster binding motif that is conserved among SAM enzymes \[[@bb0795],[@bb0800]\]. This Fe-S binding motif containing a conserved CxxxCxxC sequence is located within the central domain of the protein ([Fig. 1](#f0005){ref-type="fig"}) and is required for antiviral function against HIV, HCMV, Bunyamwera virus and Hepatitis C Virus (HCV) \[[@bb0805], [@bb0810], [@bb0815], [@bb0820]\]. In addition to the central domain, Viperin has an N-terminal domain containing an amphipathic helix that is responsible for its cellular localization to the cytosolic face of the ER \[[@bb0825],[@bb0830]\], and a highly conserved C-terminal domain, which is required for its dimerization and antiviral functions against HCV and dengue virus (DENV) \[[@bb0830], [@bb0835], [@bb0840], [@bb0845]\] ([Fig. 1](#f0005){ref-type="fig"}).

Viperin has been reported to restrict viruses via multiple mechanisms. At the stage of HIV-1 and influenza virus release from cells, Viperin can disrupt formation of lipid raft membrane domains that promote viral egress \[[@bb0810],[@bb0850]\], though whether Viperin plays a major role in restricting HIV infection of cells remains an area of contention \[[@bb0810],[@bb0855]\]. Alternatively, Viperin acts against flaviviruses such as DENV and HCV by interaction with viral components. The binding of the N-terminal amphipathic helix to the HCV NS5A protein is required for HCV restriction \[[@bb0830]\] possibly by competing with a proviral host protein for binding with NS5A \[[@bb0830],[@bb0860]\]. Similarly, Viperin interaction with the DENV NS3 protein via its C-terminus is required to limit DENV replication \[[@bb0835]\]. For HCV and DENV-2 restriction, the SAM domain was shown to be dispensable \[[@bb0830],[@bb0835]\]. However, a recent landmark study demonstrated that Viperin utilizes a SAM-dependent mechanism to terminate RNA replication catalyzed by RNA-dependent RNA polymerases of multiple flaviviruses, including DENV and HCV \[[@bb0865]\]. Viperin catalyzes the conversion of cytidine triphosphate (CTP) to a previously unknown biological molecule, 3′‑deoxy‑3′,4′‑didehydro‑CTP (ddhCTP), that functions as a chain terminator for viral RNA extension by RNA-dependent RNA polymerases (RdRP) encoded by flaviviruses, such as HCV and Zika virus, but not picornavirus RdRP derived from poliovirus \[[@bb0865]\]. Treating Zika virus infected Vero cells with ddhCTP prevented virus replication and release with up to a 200-fold reduction in viral titer \[[@bb0865]\]. Viperin is the only restriction factor known to produce a small molecule that directly inhibits the viral replication machinery.

While exciting progress has been made in elucidating Viperin\'s mechanisms of action, several important questions remain. It is unclear why Viperin can catalyze a SAM-mediated mechanism against flaviviruses \[[@bb0865]\] even though the SAM domain is dispensable for flavivirus restriction \[[@bb0830],[@bb0835]\]. This indicates that Viperin may possess multiple independent mechanisms to prevent viral replication. Indeed, Viperin also plays a role in enhancing IFN production by plasmacytoid dendritic cells in response to TLR ligands in addition to its direct antiviral effects \[[@bb0870]\]. The relevance of this role in vivo is yet to be investigated. Additionally, the exact role of the conserved C-terminal domain remains unknown, although it is required for antiviral activity against several viruses \[[@bb0830], [@bb0835], [@bb0840]\]. Possible roles for the C-terminal domain could include dimerization and/or facilitating the catalytic function of the SAM domain. Consistent with this facilitating role, mutating Trp361 in the C-terminus, which is required for interacting with the cytosolic Fe-S protein assembly (CIA) machinery that installs the Fe-S cluster into Viperin \[[@bb0875]\], abrogated the antiviral activity of Viperin \[[@bb0815]\]. It remains to be tested whether Trp361 and the CIA pathway are required for the SAM-dependent conversion of CTP to ddhCTP. Finally, it will be of interest to determine why ddhCTP blocks RdRPs from some viruses but not others \[[@bb0865]\], thereby enabling rational design of drugs that target the RNA replication machinery.

8. ZAP {#s0040}
======

Zinc finger antiviral protein (ZAP) is a broad spectrum antiviral protein first characterized by its ability to inhibit murine leukemia virus replication in rat cells \[[@bb0880]\]. ZAP is most abundantly found in the cytoplasm and restricts a wide array of viruses through several distinct mechanisms. In humans, two alternatively spliced ZAP isoforms exist. These short and long isoforms are referred to as ZAP-S and ZAP-L. ZAP-L contains a defective PARP (poly ADP-ribose polymerase)-like domain that is not present in the ZAP-S isoform ([Fig. 1](#f0005){ref-type="fig"}). This PARP domain is not enzymatically active but is important for the restriction of alphaviruses by ZAP-L, as mutation of this motif reduces its antiviral activity \[[@bb0885],[@bb0890]\]. Both variants of ZAP contain four CCCH (cysteine-cysteine-cysteine-histidine) type zinc finger motifs at the N terminus, which are involved in binding viral RNA and mediating its degradation by recruiting the RNA processing exosome \[[@bb0880],[@bb0895],[@bb0900]\] ([Fig. 1](#f0005){ref-type="fig"}). The N-terminus is also involved in hetero- or homodimerization of ZAP isoforms \[[@bb0905]\]. Though these isoforms are similar, they restrict distinct viruses and respond to IFNs variably. For example, ZAP-L restricts MLV and alphaviruses more effectively than ZAP-S \[[@bb0885],[@bb0890]\], possibly due to both its PARP domain, as well as farnesylation ([Fig. 1](#f0005){ref-type="fig"}), which uniquely targets ZAP-L to endolysosome membranes and promotes its antiviral activity \[[@bb0910]\]. Another discrepancy between S and L isoforms is that although both isoforms are induced by IFNs, ZAP-S is more highly increased by IFN treatment and virus infection \[[@bb0915],[@bb0920]\]. Although ZAP-S appears to have less direct virus restriction activity than ZAP-L, ZAP-S also associates with the virus sensor RIG-I and aids in the production of type I IFNs by boosting RIG-I signaling \[[@bb0925]\].

Despite their differences, ZAP-S and -L both restrict a wide range of viruses including alphaviruses, filoviruses, Hepatitis B virus, influenza A virus, and retroviruses \[[@bb0880],[@bb0915],[@bb0930], [@bb0935], [@bb0940], [@bb0945], [@bb0950], [@bb0955], [@bb0960]\]. In addition, ZAP also restricts retrotransposition of Long Interspaced Element-1 (LINE-1), which is the only active retrotransposon in the human genome, by reducing the accumulation of LINE-1 RNA and its encoded proteins \[[@bb0950]\]. Thus, ZAP is not only a viral restriction factor but is also a critical regulator of integrated viral components and their activity within the human genome.

Much work has been focused on the ZAP mechanism of action, which is multifaceted and involves distinct cellular pathways. ZAP can directly interact with viral RNAs by binding to a virus specific sequence, called a ZAP responsive element (ZRE) \[[@bb0915]\], and recruit the RNA processing exosome to degrade the targeted viral RNA \[[@bb0895], [@bb0900], [@bb0905],[@bb0965]\] ([Fig. 2](#f0010){ref-type="fig"}). In fact, ZAP\'s ability to bind viral RNA has been appreciated for some time but how ZAP broadly recognizes foreign RNAs was unclear. Recent seminal work demonstrated that the nucleotide composition of viral genomes, particularly the presence of CG dinucleotides, was the key contributor to ZAP mediated restriction of viruses \[[@bb0970]\]. Vertebrate genomes have a lower than expected numbers of CG dinucleotides, likely due to C to T mutations over the course of evolution. This dearth of CG dinucleotides is mimicked in many RNA virus genomes, including HIV-1, but the driving evolutionary force behind this was previously a mystery \[[@bb0970],[@bb0975]\]. Examining HIV-1 with codons altered to contain an increased CG content while preserving the amino acid code showed that this altered virus replicated poorly in cells. Using an siRNA screen, it was determined that ZAP was responsible for restriction of the CG-containing virus, i.e., virus replication could be restored by depletion of ZAP \[[@bb0970]\]. Additionally, crosslinking-immunoprecipitation-sequencing experiments confirmed that ZAP selectively binds to CG enriched segments, providing a general mechanism whereby ZAP differentiates foreign genetic elements via the presence of CG dinucleotides \[[@bb0970]\] and thus suggesting that ZAP may be the evolutionary driver of viral mimicry of CG suppressed genomes.

Translation of incoming *Alphavirus* RNA may also be blocked when ZAP is present in cells \[[@bb0930]\], possibly by interfering with the translation initiation factors elF4G and elF4A \[[@bb0980]\]. Indeed, it has been shown that TRIM25, an E3 ubiquitin ligase, interacts with ZAP, is required for its activation, and enhances its ability to inhibit the translational activity of Sindbis virus \[[@bb0955]\]. As mentioned above, ZAP also indirectly inhibits viral infections by functioning as a downstream amplifier of the innate antiviral response. Using siRNA knockdown, ZAP was identified as a signaling cofactor that amplifies RIG-I activity, thereby promoting the production of IFNs and heightening the production of additional restriction factors \[[@bb0925]\]. Indeed, induction of IFNs by 5′ triphosphate-modified RNA, a RIG-I ligand, is increased by ZAP in a manner that is not dependent on the ZAP PARP domain \[[@bb0925]\].

Although ZAP restricts a broad range of viruses, VSV, poliovirus, and HSV-1 are among the viruses that are not restricted in ZAP overexpressing cells \[[@bb0930]\]. This observation is yet to be explained, but may involve CG dinucleotide content in these viruses or other evasion mechanisms. In fact, some viruses have evolved specific ZAP countermeasures. Enterovirus 71, which is a causative agent of hand-foot-mouth disease, utilizes its 3C protease to cleave and inactivate ZAP \[[@bb0985]\]. Additionally, siRNA knockdown experiments identified the influenza A virus NS1 protein as an antagonist of ZAP-S \[[@bb0960]\], suggesting a dynamic relationship between viral proteins and ZAP.

9. Perspectives {#s0045}
===============

The factors reviewed here are among the dozens of cellular proteins that are reported to limit virus infections \[[@bb0005],[@bb0010]\] ([Table 1](#t0005){ref-type="table"}), and additional antiviral restriction factors likely remain to be discovered. As seen in these selected examples, antiviral restriction factors target viruses at multiple stages in their life cycles, including entry, replication, and egress. Importantly, the enzymatic and non-enzymatic mechanisms utilized by these factors are diverse and their biochemical regulation within cells is complex. Understanding these mechanisms, honed by evolution, may ultimately inspire therapeutic strategies in which these mechanisms are mimicked or manipulated. For example, the enzymatic product of Viperin, ddhCTP, may serve as an antiviral molecule or starting point for development of new therapeutics given its specific inhibition of viral RdRPs without toxic effects on host cells. Similarly, better understanding of the countermeasures employed by viruses against restriction factors may also provide therapeutic targets for enabling these natural immune defense mechanisms in infections where they are otherwise inactivated.

It is also interesting to note that several of the restriction factors surveyed here serve dual functions as immunomodulators. IFITM3 serves as a feedback inhibitor of type I IFN induction by targeting the IRF3 transcription factor for autophagosomal degradation \[[@bb0300]\]. Likewise, IFITM3 has been implicated in decreasing IL-6 production by dendritic cells \[[@bb0295]\]. SAMHD1 has been similarly shown to negatively modulate IFN production by inhibiting NF-kB and IRF7 activation \[[@bb0600]\]. Conversely, Viperin enhances signaling downstream of TLRs to increase IFN production in plasmacytoid dendritic cells \[[@bb0870]\]. ZAP similarly enhances RIG-I-mediated signaling to increase type I IFN induction in infected cells \[[@bb0925]\]. Thus, many restriction factors increase or decrease immune responses to virus infections, and it will be interesting to delineate how these activities impact viral pathogenesis in vivo in comparison to their direct virus restriction abilities.

Finally, an exciting frontier in the restriction factor field is the emerging investigation of the genetic diversity among humans in the genes encoding these factors. Identification of deleterious polymorphisms may explain susceptibilities of individuals to severe infections, and this knowledge may ultimately inform personalized medicine approaches, such as vaccine prioritization or other measures to prevent or monitor specific infections \[[@bb0305],[@bb0990]\]. Indeed, IFITM3 polymorphisms are among the only reproducibly identified genetic loci that correlate with enhanced severity of influenza virus infections \[[@bb0305],[@bb0990]\]. Conversely, identifying mutations in humans or other species that expand restriction capabilities of individual factors via evasion of viral countermeasures could provide additional insights into infection susceptibilities and the evolving interaction interfaces between viruses and host factors. Overall, the investigation of cellular antiviral restriction factors will continue to critically inform our understanding of virus-host interaction dynamics, and we expect that appreciation of the medical importance of these factors will continue to grow.
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